Abstract: Screening of bovine rumen contents for heat-resistant and micro-aerophilic cellulose-degrading microorganisms was performed on carboxymethyl cellulose (CMC) plates at 37 °C-45 °C, and many isolates were found to produce reducing sugars under a static condition. Of those isolates, R8 and R15, which efficiently produced reducing sugars from CMC at a high temperature, were further examined. Taxonomic analysis classified both strains into Bacillus licheniformis. Comparison with B. licheniformis NBRC12200 and Trichoderma reesei NBRC31329 as a type strain under various conditions revealed that R8 and R15 had filter paper-and CMC-degrading abilities, which are absent in the B. licheniformis type strain, and that both isolates produced reducing sugars from CMC more efficiently than did T. reesei type strain at a high temperature under a static condition. These results suggest that R8 and R15 have a strong cellulose-degrading ability at a relatively high temperature under a micro-aerophilic condition.
INTRODUCTION
Global warming has become one of the most serious environmental issues in the world. Consumption of fossil fuel for transportation accounts for 23% of world energyrelated greenhouse gas emissions [1] . Ethanol fuel made from biomass is thus recognized as a crucial alternative to gasoline, with an advantage in its carbon-neutral nature as a fuel.
Bioethanol, however, is mainly produced from food sources such as corn or sugar cane but not from non-food biomass, so that the cost of food items increases. Of nonfood biomass, cellulose is the most abundant biopolymer, composed of repeating glucose units. Despite its abundance, few organisms have been found to be able to efficiently degrade the polymer due to its recalcitrant nature of insolubility and formation of a crystalline structure. Degradation of the polymer is thus performed with concentrated acid at a high temperature or with costly cellulases. Advanced technology for efficient utilization of cellulose is thus required. High-temperature fermentation with heatresistant microorganisms is expected to become one of such the technologies. The fermentation technology that efficiently produces ethanol at elevated temperatures is thought to have a potential for reducing cooling costs [2] . The technology also has advantages of efficient simultaneous saccharification and fermentation, a continuous shift *Address correspondence to this author at the Department of Biological Chemistry, Faculty of Agriculture, Yamaguchi University, 1677-1 Yoshida, Yamaguchi, Japan; Tel: +81-83-933-5869; Fax: +81-83-933-5820; E-mail: m-yamada@yamaguchi-u.ac.jp from fermentation to distillation, reducing risk of contamination, and suitability for application in tropical countries [2] [3] [4] .
Cellulolytic microorganisms are responsible for much of the cellulose degradation in soils, though some insects and mollusks produce their own cellulases to utilize cellulose [5, 6] . Recently, metagenomic analyses of cellulose-degrading microorganisms have been performed [7, 8] , which allow us to understand cellulose metabolism in soils. On the other hand, regarding application for cellulose degradation, many investigators have focused on cellulose-degrading enzymes. These enzymes were improved by site-specific mutagenesis or overexpressed by genetic engineering [9, 10] . However, since the application of genetically engineered microorganisms is restricted, cellulose-degrading microorganisms naturally isolated are still useful. Many attempts have been made to isolate cellulolytic microorganisms from various places, and relatively strong cellulase producers including Trichoderma, Aspergillus, Pellicularia, Penicillium, Acremonium and Humicola have been isolated [11] [12] [13] [14] [15] . However, they were mainly isolated from soils and found to be heat-sensitive microorganisms. Many cellulolytic anaerobic microorganisms such as Ruminococcus albus were isolated from bovine rumen [16, 17] . There are moderate thermophilic microorganisms with cellulose degradation activity. They are mainly classified into anaerobic microbes including Clostrisium sp. and aerobic microbes including Bacillus sp. [18, 19] . The former microorganisms require removal of oxygen from culture medium and the latter microorganisms require vigorous agitation for oxygen supply. Micro-aerophilic microorganisms that have hardly been isolated can grow at a low oxygen concentration as under a static condition without agitation. Application of such microorgan-isms is thus expected to reduce energy input for agitation. Taken together, heat-resistant and micro-aerophilic microorganisms are thought to be applicable for hightemperature fermentation.
Ruminants such as cows, sheep and deer are apparently cellulose-degrading organisms and degrade cellulose by symbiotic rumen microorganisms. The rumen may be an anaerobic environment and this area has been reviewed recently [20, 21] . The organ as a site for cellulose digestion has unique features of relatively large size and positioning in the alimentary tract. The high constant temperature of around 39 °C, constant pH (6.5) and anoxic nature of the rumen are also important factors in overall rumen function [22] . The rumen operates in a more-or-less continuous fashion and is thus analogous to a microbial chemostat [20, 21] . These points described above allowed us to screen bovine rumen contents for heat-resistant and micro-aerophilic cellulose-degrading microorganisms. The micro-aerophilisity was examined under a static condition. After several screening steps, we found Bacillus licheniformis strains with an efficient cellulose-degrading activity compared to type strain of Trichoderma reesei at a relatively high temperature under a static condition.
MATERIALS AND METHODS

Screening for Heat-Resistant and Micro-Aerophilic Cellulose-Degrading Microorganisms
To isolate heat-resistant and micro-aerophilic cellulosedegrading microorganisms from the bovine rumen, a portion (10 μl) of rumen contents was spread onto YNBP (0.67% yeast nitrogen base w/o amino acids and ammonium sulfate, 0.02% peptone) medium plates containing 0.2% carboxymethyl cellulose (CMC) and 1.7% agar, and the plates were incubated at various temperatures overnight. Colonies formed at 43 °C and 45 °C were repeatedly grown on fresh CMC plates. Colonies on plates were stained with Gram's iodine in a solution of 0.67% potassium iodine and 0.33% iodine [23] to observe the ability for degradation of CMC. To measure reducing sugar amount, cells were grown in YNBP liquid medium containing 2% CMC. After cultivation, the supernatant of the culture medium was obtained by low-speed centrifugation. The reducing sugar amount in the supernatant was determined by the 3,5-dinitrosalicylic acid (DNS) method [13] .
Identification of Isolated Microorganisms
Genomic DNA from isolated strain was prepared according to the conventional procedure [24] . 16S rDNA was amplified by PCR with a primer set of 5'-agagttgatcctggctcag-3' and 5'-aaaggaggtgatccagcc-3' and the prepared genomic DNA as a template. The amplified DNA was subjected to DNA sequence reaction with a primer of 5'-gtccattgcggaagattc-3', 5'-actctctggtctgtaac-3', 5'-tagtaatcgcggatcagc-3', or 5'-aatgcgtttgctgcagca-3' and then applied to the DNA sequencer. The determined sequences were aligned with those of other bacteria by CLC sequence viewer version 6 (CLC bio) to construct phylogenetic trees. The stability of branches in the trees was checked by bootstrapping [25] . The sequence of the gene from 16S rRNA of strain R8 and R15 were deposited in the GenBank/DDBJ database under the following accession numbers: B. licheniformis R8 AB592329 and B. licheniformis R15 AB592330.
Preparation of Crude Cellulase and Zymogram Analysis
Cells were grown in YNBP medium containing 2% CMC at 43 °C for 72 h. The medium fraction was then recovered by low-speed centrifugation, and ammonium sulfate (516 g/l) was added to the fraction to attain 75% saturation. The resultant precipitated proteins were collected by centrifugation at 20, 000 xg for 20 min and dissolved in 140 mM NaCl and 12 mM sodium phosphate (PBS), pH 7.4, with 1 mM phenylmethylsulfonyl fluoride. The solution was used as the crude cellulase fraction. Protein concentration was determined by the Dully and Grieve method with bovine serum albumin as a standard [26] . Zymogram analysis was performed as described previously with slight modifications [16] . Crude cellulase samples (10 μg) were treated by heating at 95 °C for 2 min in 1% SDS and 5% -mercaptoethanol and then applied to a 10% SDS-PAGE gel containing 0.1% CMC polymerized within the gel matrix. Following electrophoresis, the gel was washed once for 20 min in 20% isopropanol in PBS, pH 5.8, and then washed three times with PBS. The gel was incubated at 55 °C in PBS for 1 h, stained with 0.1% congo red (1 mg/ml) for 30 min, and destained with 1M NaCl. Endoglucanase activity was detected as a clear band against a red background.
Determination of Cellulose-Degrading Activity
Cellulose-degrading activity of the crude cellulase fraction prepared as described above was determined by measuring reducing sugars from degradation of a filter paper or CMC. The reducing sugar amount was measured using a modification of the DNS assay [27] . To measure filter paper degrading activity (FPase), crude cellulase fraction (0.5 ml) was added to 1.0 ml citrate buffer of 0.05 M sodium citrate, pH 4.8, in a test tube and a filter paper strip {1 6 cm (50 mg) of Whatman No.1 filter paper} was then added into the tube. After brief mixing to form a coiled paper, the reaction was performed by standing the tube at 50 °C for 1 h. The reaction was stopped by the addition of 3 ml of DNS reagent and heating in boiling water for 5 min. To measure CMCase activity, crude cellulase fractions (50 μl) was mixed with 0.95 ml of 0.1 M citrate buffer, pH 4.8, and 1 ml of 2% CMC. The reaction was performed by incubation at 50 °C for 10 min and stopped by the addition of 3 ml of DNS reagent followed by heating in boiling water for 5 min. One unit of enzyme activity was defined as the amount of enzyme that liberated 1 g of glucose in 10 min under the conditions tested.
RESULTS
Screening of Bovine Rumen Contents for Heat-Resistant Cellulolytic Microorganisms
Bovine rumen contents were screened to isolate heatresistant and micro-aerophilic cellulose-degrading microorganisms. Rumen contents from three bovines were spread onto YNBP plates containing 0.2% CMC and incubated at 37 °C to 45 °C overnight. Colonies were found at almost all temperatures in each sample (Fig. 1) , but the patterns of colony appearance in the range of temperatures tested were slightly different. In the case of bovine 1, 96% of the colonies were obtained at temperatures over 40 °C. In bovine 3, colonies were found in the temperature range of 39 °C to 43 °C. In bovine 2, colonies were found at all temperatures. From these patterns, we further examined 16 isolates (R1-R16) from the bovine 1 plates, of which R1 to R8 and R9 to R16 were from plates at 43 °C and at 45 °C, respectively.
To compare the heat-resistance of the 16 isolates and evaluate the cellulose degradation capability, they were grown on 0.2% CMC plates at 43 °C or 45 °C overnight and stained with Gram's iodine (Fig. 2a) . They formed colonies of similar sizes at both temperatures and exhibited a strong positive color in the Gram's iodine test. Therefore, all 16 isolates were subjected to the following experiments.
Comparison of CMC Degradation Capabilities of Isolates
To further evaluate cellulose degradation capability, the production of reducing sugars from CMC was compared. The 16 isolates were grown in 2% CMC medium at 43 °C under static and shaking conditions. Reducing sugars more than the background were detected in all medium fractions tested (Fig. 2b) . The results revealed that all isolates were able to degrade CMC relatively well under the static condition but very weakly under the shaking condition. R8 and R15 showed relatively high levels of reducing sugar production among the isolates tested. Additionally, both showed faster reduction in viscosity of the culture medium, indicating CMC degradation [28] . We thus selected R8 and R15 as strains with efficient CMC degradation capability.
Characterization of the Isolated Strains R8 and R15
Taxonomic analysis was carried out and the result clearly showed that R8 and R15 belong to Bacillus licheniformis (Fig. 3) . We thus compared R8 and R15 with a type strain of B. licheniformis, NBRC12200, for growth capability and for reducing sugar and ethanol concentrations in media when grown in 2% CMC medium at 43 °C under a static condition (Fig. 4) . R8 and R15 grew well compared to NBRC12200. The reducing sugar concentrations of R8 and R15 increased as their growth proceeded, but no reducing sugar was detected in NBRC12200. Moreover, a very small amount of ethanol was detected in the culture medium from R8 and R15. Therefore, it is likely that R8 and R15 are B. licheniformis with CMC degradation capability.
Characterization of Cellulases in Crude Cellulase Fraction
Since many cellulolytic microorganisms are known to produce various extracellular enzymes to degrade cellulose, the possibility of R8 and R15 being able to produce cellulases was examined. Cells were grown in 2% CMC medium at 43 °C for 48 h under a static condition, and cellulose-degrading activity was measured after preparation of crude cellulase fractions from the medium fraction as described in Materials and Materials and Methods (Fig. 5a) . Crude cellulase fractions from the R8 and R15 culture media showed CMC-degrading activities of 0.07 U/mg and 0.30 U/mg, respectively, and filter paperdegrading activities of 0.02 U/mg and 0.10 U/mg, respectively. No such activities were detected in crude cellulase fractions from the NBRC12200 culture medium. In addition, zymogram analysis revealed that a prominent active 37 kDa polypeptide was present in crude cellulase fractions from the R8 and R15 culture media but not in that from the NBRC12200 culture medium (Fig. 5b) . These findings suggest that R8 and R15 produce extracellular endoglucanases.
Comparison of the Cellulolytic Abilities of R8 and R15 with that of a Type Strain of Trichoderma reesei at a Relatively High Temperature
T. reesei is well known as an efficient cellulase producer [29, 30] . We thus compared R8 and R15 with a type strain of T. reesei NBRC31329, for reducing sugar production from CMC. Cells were grown in 2% CMC medium at different temperatures under a static condition, and reducing sugar concentration in the medium was then determined (Fig. 6a) . Highest reducing sugar concentrations were detected at 40 °C and 39 °C in R8 and R15, respectively, and the level was maintained at least up to 43 °C. A relatively high reducing sugar concentration was seen at 30 °C to 37 °C in T. reesei, and the concentration became very low at temperatures over 40 °C. We also compared the reducing sugar production abilities of these -1 and a-2 show the growth and staining, respectively.a-3 represents the positions of isolates on plates. b) To compare reducing sugar production, R1-R16 isolates were incubated in 2% CMC-containing liquid medium at 43 °C for 48 h under shaking (black columns) or static (white columns) conditions. Reducing sugar contents were then determined.
Fig. (3)
Phylogenetic tree based on 16S rDNA sequences of R8, R15 and selected Bacillus species. Determined 16S rDNA sequences of R8 and R15 were aligned with those of selected Bacillus species by CLC sequences viewer version 6 and a phylogenetic tree was constructed. The stability of branches in the tree was checked by bootstrapping. Fig. (4) Comparison of R8 and R15 with a type strain of B. licheniformis NBRC12200 on growth, reducing sugar production and ethanol production. Cells were grown in 2% CMC medium at 43 °C under a static condition, OD 600 (a) and reducing sugar (b) and ethanol (c) concentrations in medium were determined at the times indicated. Circles, squares, triangles represent R8, R15 and NBRC12200, respectively. strains under a shaking condition (Fig. 6b) . Similar levels of reducing sugar concentrations were detected in R8 and R15 under static and shaking conditions at 30 °C and 37 °C except for in R8 under a shaking condition at 37 °C. On the other hand, in T. reesei, the reducing sugar concentration was high at a relatively low temperature under a shaking condition. Taken together, the results suggest that R8 and R15 have potential for degradation of cellulose at a relatively high temperature.
DISCUSSION
We attempted to isolate heat-resistant and microaerophilic cellulose-degrading microorganisms that are expected to be beneficial for bio-production of useful materials at a relatively high temperature. Such trials were performed with various soils in our prefecture without success. The presented data suggest that there are microorganisms in the bovine rumen that can grow at 40-45 °C by utilizing CMC as a carbon source. The bovine rumen might thus be a suitable environment for heat-resistant and microaerophilic cellulose-degrading microorganisms. Isolates from the bovine rumen prefer a static condition to a shaking condition for growth and reducing sugar production at a relatively high temperature. These findings suggest that the rumen environment is micro-aerophilic and has a relatively high temperature. The preference of the isolates is also beneficial since aeration in the bio-production process is also costly.
Taxonomic analysis suggests that two isolated strains, R8 and R15, are B. licheniformis. Unlike most other bacilli, which are predominantly aerobic, B. licheniformis is a facultative anaerobe, which may allow it to grow in additional ecological niches [31] .
However, growth of R8 and R15 was much better than that of B. licheniformis type strain NBRC12200 under a static condition (data not shown). Therefore, both strains are less aerophilic than the type strain. Moreover, the two strains have a CMC-degrading activity higher than that of T. reesei NBRC31329, a well-known efficient cellulolytic organism, at Comparison of R8 and R15 with a type strain of B. licheniformis NBRC12200 on cellulose-degrading activity and endoglucanases production. a) Cells were grown in 2% CMC medium at 43 °C under static condition, crude cellulase fractions were prepared from culture medium fractions, and activities of FPase (black columns) and CMCase (white columns) were measured as described in Materials and Methods. b) Zymogram analysis was carried out with 10 μg each of crude cellulase fractions as described in Materials and Methods. Lanes 1 to 3 are R8, R15 and NBRC12200, respectively. In the original picture, many weak bands above a 37 kDa major band were detected in lane 2 but not in lane 1.
Fig. (6)
Comparison of R8 and R15 with a type strain of T. reesei NBRC31329 on reducing sugar production at various temperatures. Cells were grown in 2% CMC medium at various temperatures for 72 h under static (a) and shaking (b) conditions and the reducing sugar in medium was then determined. Black, white, oblique columns represent R8, R15 and T. reesei NBRC31329, respectively. a relatively high temperature, and also have a cellulosedegrading capability. R8 and R15 were shown to produce active 37 kDa endoglucanase which was not observed in the B. licheniformis NBRC12200. Since the type strain possesses a gene for endoglucanase on its genome [31] , production of the enzyme may require conditions different from those tested in this study. The family 5 endoglucanase with a molecular mass of 37 kDa from a thermophilic strain of B. licheniformis was purified and characterized [19] . The strain, however, could not grow on CMC medium without supplements of glucose and xylose. In contrast, R8 and R15 are able to grow on CMC as a sole carbon source. Therefore, it is likely that R8 and R15 have acquired some abilities to utilize cellulose without supplements of these sugars. Our preliminary experiments showed that R8 and R15 produced reducing sugars from rice straw at a relatively high temperature under a static condition. Therefore, both strains may be useful for application of raw cellulosic materials.
Although both strains isolated possess the capability for cellulose degradation, they are assumed to produce different types of cellulolytic enzymes. Growth and reducing sugar profiles presented in Fig. (4) revealed that R8 produced reducing sugars more than did R15 and showed better growth. Contrary results are shown in Fig. (5) , where the cellulose-degrading activity of the crude cellulase fraction from R15 was much higher than that from R8. This discrepancy might be due to the difference in enzyme stability, since cellulose-degrading activities were measured at 50 °C, which was much higher than the temperature for cell cultivation. Alternatively, R8 might produceglucosidase or cellobiohydolase more efficiently to support better growth.
HPLC analysis revealed that there are oligo-sugars in addition to a very small amount of ethanol but almost no glucose in culture media of R8 and R15. The results allow us to speculate that the rate-limiting step of cellulose degradation is either the extracellular process from oligosugars to glucose or the import of oligo-sugars into cells for further catabolism. Our data suggest that R8 and R15 secrete extracellular endoglucanases, which are involved in degradation of CMC to cello-oligosaccharide. The metabolism following the endoglucanases reaction remains to be defined.
CONCLUSION
New B. licheniformis strains, R8 and R15, that could be employed for degradation of cellulose at a relatively high temperature. Both strains were able to grow in CMC as a sole carbon source and efficiently degraded CMC to reducing sugars at a high temperature. The latter ability was remarkably greater than that of an efficient type strain of T. reesei. We thus expect that the combination of R8 or R15 and heat-resistant yeast will be applicable for hightemperature ethanol fermentation.
